We investigate the ground state of the two-dimensional Heisenberg antiferromagnet on two Archimedean lattices, namely, the maple-leaf and bounce lattices as well as a generalized J-J ′ model interpolating between both systems by varying J ′ /J from J ′ /J = 0 (bounce limit) to J ′ /J = 1 (maple-leaf limit) and beyond. We use the coupled cluster method to high orders of approximation and also exact diagonalization of finite-sized lattices to discuss the ground-state magnetic long-range order based on data for the ground-state energy, the magnetic order parameter, the spin-spin correlation functions as well as the pitch angle between neighboring spins. Our results indicate that the "pure" bounce (J ′ /J = 0) and maple-leaf (J ′ /J = 1) Heisenberg antiferromagnets are magnetically ordered, however, with a sublattice magnetization drastically reduced by frustration and quantum fluctuations. We found that magnetic long-range order is present in a wide parameter range 0 ≤ J ′ /J J ′ c /J and that the magnetic order parameter varies only weakly with J ′ /J. At J ′ c ≈ 1.45J a direct first-order transition to a quantum orthogonal-dimer singlet ground state without magnetic long-range order takes place. The orthogonal-dimer state is the exact ground state in this large-J ′ regime, and so our model has similarities to the Shastry-Sutherland model. Finally, we use the exact diagonalization to investigate the magnetization curve. We a find a 1/3 magnetization plateau for J ′ /J 1.07 and another one at 2/3 of saturation emerging only at large J ′ /J 3.
I. INTRODUCTION
The study of two-dimensional (2D) quantum spinhalf antiferromagnetism is an interesting and challenging problem, in particular, if the magnetic interactions are frustrated. 1, 2 In 2D systems the interplay between geometry and quantum fluctuations may lead to semi-classical ground state (GS) phases with conventional magnetic long-range order (LRO) as well as to new quantum phases without magnetic LRO. 3, 4 The spin-
Heisenberg antiferromagnet (HAF) on the eleven 2D Archimedian and related lattices presents an excellent opportunity to investigate the subtle balance of interactions and fluctuations and the role of lattice geometry. 4 It is well-established that magnetic LRO is present in the GS of the spin-1 2 HAF on bipartite lattices (square 1, 4 , honeycomb 4-6 , 1/5-depleted square (or CaVO) 4, 7, 8 , square-hexagonaldodecagonal 4, 9 ). However, this magnetic order can be weakened or even suppressed by the presence of frustration. The first investigation of a frustrated quantum HAF goes back to the early 1970s, when Anderson and Fazekas 10, 11 considered the spin-1 2 HAF on the triangular lattice. They conjectured a magnetically disordered GS. However, it is now clear that there is magnetic GS LRO in this system, see, e.g., Refs. 4,12-16. The pioneering work of Anderson and Fazekas has formed the starting point for an intensive investigation of frustrated quantum magnetism. In particular, it has stimulated the search for non-magnetic quantum states in 2D magnetic systems.
Another well investigated frustrated 2D system is the HAF on the SrCuBO lattice, which can be transformed by an appropriate distortion to the Shastry-Sutherland square lattice model 17 with equal strength of all exchange bonds. Again, the GS is magnetically long-range ordered, see e.g. Refs. [18] [19] [20] [21] [22] . However, the magnetic LRO may be destroyed by a modification of bond strengths.
17-22
The coordination number z is quite large for the triangular (z = 6) and SrCuBO (z = 5 ) lattices, and that might be responsible for the semi-classical GS LRO found for the HAF on these frustrated Archimedian lattices. Thus, a "non-magnetic" quantum GS might be favored for lattices with lower coordination number z. Indeed, a regular depletion of the triangular lattice by a factor of 1/4 yields the Archimedian kagomé lattice with coordination number z = 4. Contrary to the triangular lattice the GS of the spin-1 2 HAF on the kagomé lattice is most likely non-magnetic, see e.g. Refs. 4,23-27. Another frustrated model with low coordination num-ber z = 3 having a non-magnetic quantum GS is the HAF on the Archimedian star lattice. 4, [28] [29] [30] Moreover, we mention that the HAF on the (non-Archimedian) square-kagomé lattice with z = 4 has most likely also a non-magnetic quantum GS. [31] [32] [33] [34] The above-mentioned depletion of the triangular lattice by a quarter is clearly not the only possibility. As has been pointed out by D. Betts 35 a regular depletion of the triangular lattice by a factor of 1/7 yields another translationally invariant lattice, namely the Archimedian maple-leaf lattice. 4, 36 The coordination number of this lattice is z = 5 and lies between those of the triangular (z = 6) and the kagomé (z = 4) lattices. Moreover, there is a frustrated Archimedian lattice with z = 4, the so-called bounce lattice.
4
Both the maple-leaf and the bounce lattices might be candidates for non-magnetic GSs. However, there are indications from previous studies (based on exact diagonalizations of finite-sized lattices) of semi-classical GS magnetic LRO 4, 36 in the spin-1 2 HAF on these lattices. This conclusion was drawn based on only two finite lattices of N = 18 and N = 36 sites and therefore the conviction in the conclusions is lessened.
It is interesting to point out that the discussion of the magnetic properties of the HAF on Archimedian lattices is not only a challenging theoretical problem of quantum many-body physics but that it is also strongly relevant to experiment. Indeed, most of these lattices are found to be underlying lattice structures of the magnetic ions of various magnetic compounds, such as CaV 39 Recently there has been also synthesized the magnetic compound 40 ) with maple-leaf lattice structure as well as hybrid cobalt hydroxide materials 41 with maple-leaf like lattice structure which may stimulate increasing interest in this lattice. Moreover, in the natural mineral spangolite (Cu 6 Al(SO 4 )(OH) 12 Cl·3H 2 0) the magnetic copper ions sit on the lattice sites of the maple-leaf lattice. 42, 43 In particular, spangolite is a very interesting magnetic system, since magnetic copper ions carry spin 1/2 and the experimental data indicate that strong fluctuations at low temperatures are present which may prevent magnetic ordering. 43 In Ref. 43 Fennell et al. propose that the spin-half Heisenberg model on the maple-leaf lattice with five different exchange integrals is the relevant model for this material.
In this article we will discuss the GS properties of the spin-1 2 HAF on the maple-leaf and the bounce lattices, see Fig.1 . These lattices are related to each other because the bounce lattice is equivalent to a bond-depleted maple-leaf lattice, see Ref. 4 and Fig. 2 . Therefore we will consider a generalized spin-
where ij runs over all nearest-neighbor (NN) bonds of the bounce lattice, and [ij] runs over all additional NN A well-established method that can deal effectively with the GS properties of infinite 2D quantum magnets is given by the coupled cluster method (CCM) (see, e.g., Refs. 44-48 and references cited therein). The accuracy and effectiveness of this method in relation to the investigation of frustrated quantum spin systems has been strongly improved by the implementation of a parallelized CCM code 49 that carries out high-order CCM calculations. In particular, quantum phase transitions in 2D quantum spin systems that are driven by frustration can be studied by this method.
22,50-57

II. THE CLASSICAL GROUND STATE
We start with a brief illustration of the classical GS of the model (see Fig. 2 
III. THE METHODS
A. Coupled Cluster Method (CCM)
We start with a brief illustration of the main features of the CCM. For a general overview on the CCM the interested reader is referred, e.g., to Refs. 45,47,60 and for details of the CCM computational algorithm for quantum spin systems (with spin quantum number s = 1/2) to Refs. 45,46,48,50. The starting point for a CCM calculation is the choice of a normalized model or reference state |Φ , together with a set of mutually commuting multispin creation operators C + I which are defined over a complete set of many-body configurations I. The operators C I are the multispin destruction operators and are defined to be the Hermitian adjoint of the C + I . We choose {|Φ ; C + I } in such a way that we have Φ|C
Note that the CCM formalism corresponds to the thermodynamic limit N → ∞.
For spin systems, an appropriate choice for the CCM model state |Φ is often a classical spin state, in which the most general situation is one in which each spin can point in an arbitrary direction. We then perform a local coordinate transformation such that all spins are aligned in negative z-direction in the new coordinate frame.
22,50,51
As a result we have
(where the indices i, j, k, . . . denote arbitrary lattice sites) for the model state and the multispin creation operators which now consist of spin-raising operators only.
The CCM parameterizations of the ket and bra ground states are given by
The correlation operators S andS contain the correlation coefficients S I andS I that we must determine. Using the Schrödinger equation, H|Ψ = E|Ψ , we can now write the GS energy as E = Φ|e −S He S |Φ and the magnetic order parameter (sublattice magnetization) is given by To find the ket-state and bra-state correlation coefficients we require that the expectation valueH = Ψ |H|Ψ is a minimum with respect to the bra-state and ket-state correlation coefficients, such that the CCM ketand bra-state equations are given by
The problem of determining the CCM equations now becomes a pattern-matching exercise of the {C − I } to the terms in e −S He S in Eq. (4). The CCM formalism is exact if we take into account all possible multispin configurations in the correlation operators S andS. This is, however, generally not possible for quantum many-body models including that studied here. We must therefore use the most common approximation scheme to truncate the expansion of S andS in the Eqs. (4) and (5), namely the LSUBn scheme, where we include only n or fewer correlated spins in all configurations (or lattice animals in the language of graph theory) which span a range of no more than n adjacent (contiguous) lattice sites (for more details see Refs. 46, 48, 50, 60) . For instance, one includes multispin creation operators of one, two, three or four spins distributed on arbitrary clusters of four contiguous lattice sites for the LSUB4 approximation. The number of these fundamental configurations can be reduced exploiting lattice symmetries. In the CCM-LSUB8 approximation we have finally 330369 fundamental configurations.
Since the LSUBn approximation becomes exact for n → ∞, it is useful to extrapolate the 'raw' LSUBn data in the limit n → ∞. An appropriate extrapolation rule for the order parameter of systems showing GS magnetic LRO is given by M s (n) = a 0 + a 1 (1/n) + a 2 (1/n 2 ) (see, e.g., Refs. [46] [47] [48] where the results of the LSUB2,4,6,8 approximations are used for the extrapolation. For the GS energy per spin,
) is a well-tested extrapolation ansatz. [46] [47] [48] 50, 51 
B. Exact diagonalization (ED)
The Lanczos ED is a well-established many-body method, see, e.g., Ref. 61 . Hence we can restrict our discussion of the method to some specific features relevant for our problem. The ED has been successfully applied to 2D frustrated quantum spin systems, see e.g. Fig. 3 ). Note that these finite lattices do not have the the full lattice symmetry of the infinite lattice. Moreover the unit cell of these lattices is fairly large, namely it contains six sites. Hence, we consider the ED data as a complementary information to confirm or to question the CCM results corresponding to the thermodynamic limit N → ∞. For the finite-size order parameter we use
We extrapolate the GS energy and the order parameter as described in Ref. 4 (see also Refs. 62,63 and references therein). However, the results of these ED extrapolations has to be taken with caution, since they are based only on two data points.
IV. RESULTS
Henceforth, we set J = 1 and we consider J ′ as the active parameter in the model of Eq. (1). We apply highorder CCM up to LSUB8 and these infinite-lattice results are complemented by ED results of N = 18 and N = 36 sites, see Fig. 3 . We choose the classical canted state illustrated in Sec. II to be the CCM reference or model state. As quantum fluctuations may lead to a "quantum" pitch angle that is different from the classical case, we consider the pitch angle α in the reference state as a free parameter. We then determine the quantum pitch angle α qu by minimizing E LSUBn (α) with respect to α in each order n.
We start with the case of the perfect Archimedian bounce and maple-leaf lattices, and so we set J ′ = 0 and J ′ = 1, respectively. Results for the GS energy and sublattice magnetization are given for both lattices in Table I . GS energies agree well with the previously reported data.
4,36 Furthermore, we confirm the previous findings that the GS is magnetically ordered. However, due to quantum fluctuations and frustration the sublattice magnetization is drastically reduced. Using our extrapolated CCM data (see Table I ) we find that the sublattice magnetizations are only 33% of the classical value for the bounce lattice and 34% of the classical value for the maple-leaf lattice. However, these values are still The LSUBn results are extrapolated using E(n)/N = b0 + b1(1/n 2 ) + b2(1/n 4 ) for the GS energy and Ms(n) = a0 + a1(1/n) + a2(1/n 2 ) for the sublattice magnetization. clearly above the ED estimates (which are 22% for the maple-leaf and 27% for the bounce lattice) of Ref. 4 . We believe that the CCM data reported here are more reliable than the ED estimates because these ED results were extrapolated using only two data points (N = 18 and N = 36) 58 , see also Sec. III B. These rather small values of the order parameter, which are significantly below that for the triangular lattice, 4, [12] [13] [14] [15] [16] indicate that the GS magnetic LRO is fragile, and one can speculate that slight modifications of the model parameters might lead to non-magnetic quantum GSs. We remark again that a related experimental material called spangolite 43 did not appear to shown magnetic LRO, and that this experimental result also spurs us on to evaluate the more general model. The extrapolated values in the limit n → ∞ are found using the extrapolation scheme Ms(n) = c0 + c1(1/n) + c2(1/n) 2 . We also show extrapolated finite-lattice results for the ED order parameter m + using the extrapolation scheme m
The results for the GS energy per spin are shown in Fig. 4 as a function of J ′ . CCM LSUBn results for the GS energy are clearly converging rapidly with increasing n for all values of J ′ . We have also used our ED data for N = 18 and N = 36 to extrapolate them to N → ∞ (for the details of the extrapolation, see Ref. 4) . As already mentioned above this ED extrapolation has to be taken with caution, since it is based only on two data points. We find a reasonable agreement between the CCM and ED data for the GS energy. As indicated by the ED data the GS energy becomes linear in J ′ at larger J ′ 1.5. This is related to the existence of a dimer product eigenstate where all J ′ bonds carry a dimer singlet. 59 We find that this singlet orthogonal-dimer eigenstate becomes the GS for J ′ > J ′ c . Hence our model has much in common with the Shastry-Sutherland model [17] [18] [19] [20] [21] [22] that also demonstrates a similar exact orthogonal-dimer GS. We use the intersection point between the extrapolated CCM GS energy per site and the energy of the orthogonal-dimer eigenstate given by E OD /N = −3J ′ /8 to determine the transition point J This behavior might be interpreted as balanced interplay between increasing of frustration and increasing of the number of nearest neighbors when J ′ is growing. Our data for the order parameter lead to the conclusion that there is a direct first-order transition to the magnetically disordered orthogonal-dimer singlet GS. An additional confirmation of the above discussed behavior comes from the ED data for the spin-spin correlation functions s i s j presented in Fig. 6 . Again we see that the variation of the correlation functions with J ′ is weak almost up to the transition point J Finally, in Fig. 7 we compare results for the classical pitch angle α cl , see Sec. II, and for the quantum pitch angle α qu calculated by the CCM . We see that both α cl and α qu are close to each other and that there is only a slight variation of the pitch angle with J ′ (the value of the quantum pitch angle in CCM-LSUB8 approximation is α qu = π at J ′ = 0, α qu ≈ 0.895π and it is still α qu ≈ 0.714π at J ′ = J ′ c ). Moreover, the LSUB4 and LSUB8 data for α qu almost coincide.
Altogether, our data for the order parameter, the spinspin correlation functions, and the pitch angle lead to the conclusion that there is most likely a direct first-order transition from a magnetically ordered state with spin orientations similar to those of the classical GS to the magnetically disordered orthogonal-dimer singlet GS.
V. MAGNETIZATION PROCESS
The magnetization process of frustrated quantum magnets has attracted much attention due to the discovery of exotic parts of the magnetization curve, such as plateaus and jumps, see e.g. Refs. 64-68. ( Fig. 10) . Furthermore, our ED data suggest an almost direct jump from the m = 2/3 plateau to saturation m = 1.
Finally we have to mention, that our finite-size analysis of the plateaus naturally could miss other plateaus present in infinite systems, see e.g. the discussion of the ED data of the m(h) curve of the Shastry-Sutherland model in Ref. 4 . Hence, the study of the magnetization process needs further attention based on alternative methods.
VI. CONCLUSIONS
In this article we have treated a J-J ′ spin-half HAF interpolating between the HAF on the maple-leaf (J ′ = J) and the bounce lattice (J ′ = 0). Moreover, we also discuss the GS for larger values J ′ > J. This antiferromagnetic system is geometrically frustrated and it is related to several magnetic materials which have been experimentally investigated recently. 40, 41, 43 On the classical level the ground state is a commensurate non-collinear antiferromagnetic state. To study the quantum GS of the spin-half model we use the CCM for infinite lattices and the ED for finite lattices of N = 18 and N = 36 sites.
We find evidence for a semi-classical magnetically ordered commensurate non-collinear GS in a wide range of the exchange ratio 0 ≤ J ′ /J ≤ J ′ c /J ≈ 1.5. However, due to frustration and quantum fluctuations the sublattice magnetization amounts about 30% of the classical value only. Importantly, we find that at J ′ c ≈ 1.45J there is a (most likely) first-order transition to a magnetically disordered orthogonal-dimer singlet product GS which is the exact GS for J ′ /J > J ′ c /J. Therefore, the considered model is somewhat similar to the Shastry-Sutherland model. This similarity is also observed in the magnetization curve. Based on ED data we find evidence for plateaus at zero magnetization for J ′ /J > J ′ c /J (which is related to the gapped orthogonal-dimer singlet GS), at 1/3 of saturation for J ′ 1.07J and at 2/3 of saturation for J ′ 3J. The transition to the 1/3 plateau and from the 2/3 plateau to saturation can be jump-like. Further plateaus not compatible to the system sizes N = 18 and N = 36 and therefore missed in the ED study may appear in the infinite system.
Our results may also stimulate other studies on this interesting 2D frustrated quantum system using other approximate methods to compare and contrast our results. In particular, the influence of modifications of the exchange bonds which might be relevant for real-life materials may lead to a destabilization of magnetic order. Knowing that the corresponding Shastry-Sutherland model exhibits a series of magnetization plateaus the search for further plateaus may be also an interesting problem to be studied by different means.
